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Introduetion

Three different aspeots of the preject were studied
during the past ysar. They wers (1) Design and operation of an
apparatus to measure stick-slip amplitudes at various veloolties
and using aprings of different stiffness, (2) Caloulation of the
sizs distribution of asperities through the sutocorrelation technique
desoridbed in earlier reports. (3) Studies of the frioctional pro-
perties of rubber at lew speeds and with ocontrolled atmosphere and
temperature. These experiments are desoribed in the three seotions
of the report. In eddition work has continued on the design and
operation of a very low-speed friotion apparatus which reocords vele-
eities as well as friction foroes, readings being tsken automatioally
for short periods of time at regular intervals to oonserve paper during
sn extended experiment, The warious parts of the apparatus have
funotioned separately and the completed equipment will be desoribed
irn a subsequent report.

Two publioations oconneoted with the prejeot have appeared

sinoe the last report. They are

Autooorrelation analysis of the Sliding Process, by E. Rabinowlece.
J.App.Phys. Vol.27, No. 2, pp. 131-135, 1966.

Stiok and Slip, by E. Rabinowicz. Sclentific Amerioan, Wl.194, No.§5,
pp. 109-118, 1966,

A oopy of each is appended te this report.
Two theses have been written by students working on the projeot
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"The Influmoe of Spring Stiffnsss on Stiok-Slip" by Donald Clavin,
submi tted for the Bashelor of Soience degree in the Mechanical
Rogineering Department. The results of this thesis are summarized
in Section 1.

"Experimental 3tudy of Rubber FPrietion”™ by Fwen-lok 8o, submitted for
the Master of Science degree in the Nechanical Engineering Depertment.
The results of tiis thesis are sumarised in Section III,
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I. Relation between stiock-slip and spring stiffness

The apparatus used for these experimsnta is show in
Pgure 1. It exploys a " dlameter rider having a hemispheriocally
shaped end which contasts a flat specimen momtbted om & steel turntadle.
The rider, whioh i loaded Ly & dead weight, i{s held by & supporting
arm that is free to deflect with the friotiom foroes acting ou the
rider and in turn these forves act ou the two strain rings in series;
on ous of these are mowmted ¢ strain gagea. DBoth the chanpge in
resistarce of the strain gages dus to the friction force, sad the
shange i resistance of m {zterruptor meschaniem on the rotating & sk
are displayed on & Sandora two-channel recorder.

One of the two strain rings $s removabdle, snd the stiffness
of the friotion arm may bs changed by replacing it by one of different
thiekness. Fowr rings wore used in all

#1 produced a deflexion of 228 om/kg

' » ] ] L] .w n
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Experiwsnates were carried out of oopper on copper lubricated
by cetane and gtesl ou steel wmlubriseted, two ocombinations of materials
that ars mown readily ¢o give rise to astiok-slip. TFriction rune were
csrried out aver a range of velooities with all four rings in tum
mowmted on the friotion arm, and the umplitude of the stiok-sllip,
namely the differencse betwesen the spring {oroe at the beginning and

ed of the alip was measured in ench case and s shown rlottsd in

Figs. 2 (cepper), an3 t (stesl). I¢ wss fond necessary to test all
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four springs within a short pericd of time (say 1-& hours) as
otherwise the results were not striotly comparable.

A number of results eserge from these figure:.
(1) At any sliding velcoity, the smplitude of stick-slip is
greater if the spring is made less stiff. If the spring is toe sHiff
stiok-4lip 1s cocmpletely esliminated.
(2) Yor any spring therc is a limiting velooity above whieh
stick-slip does not cocow. The smaller the stiffness of the spring
the greater this upper limiting velosl ty.
(s) For sny spring there seems % de a limiting wveloeity delow
which stick-slip does not coour. The smaller the stiffness of the
spriang, the lewer this lower limiting veloeity.

T™hese results are readily sxpliocadle in terms of the probadle
f - veurve (Fig.d). It may Do assumed that with sny spring there is
a limiting negative slope in the £ ~ v curve, such that for sny steeper
slope stiek-elip can cocur, and for any less steep slope it cannot. Also
as the steepmess of the slope is inoreased, the amplitude of the stiok-
8lip inoreasss correspondingly. If a stiffer spring is used, we will
expect that a greater stesepness o’ slope is required bdbefore stick-slip
comsences. (o.f. Mg, E). Por the stiffest springs used in these tests
stiok~slip did not take place since ths steepness of tho slope obtained
in sur tests was nowhere great emough-

Purther experimants are plannad whioh should emable us to

foroulate & Qquantiati ve expression for stiok-slip amplitudes.
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2. Caleulation of Sise-Distribution of msperi ties.

Previous caloulations of the sutocorrelation function
(see Figs., 6 & 7, Appendix A) have teen carried out assuing that
the force-displacemant ourve of s single jwmnotivn is triangular or
restangular. Oresmawood and Tabor iz e recoent paper give experizental
evidmnoe Dased on large-socnle models surgesting that the function is
parabolio {(as shown adove). In attempting to ocsloulate a hypothetiesl
friotion ourve based on such & law, {t is necsssary o find simple
integral nubers that approximate olcsely to s parabolioc sequenos.
After some trial and error, it was fowund possidle ¢ it & parsbola
surprisingly well, as shom in Tadle I,

Reight of paradila Astwmal hight of

Statiom ssswmed in computation parabols M rferenss
x-8 o o 0
z=~4 L 2.19 *19
x -8 4 3.9 =.10
x -2 ] 5.12 +.12
x -1 L] 5.86 .14

x 8 8.10 +.10

thea to ealoulate the hypethetieal friction irace, caloulate terms of

the pepies

a| ..
/:: Z—[Z(S""*é*q)*4{’3“2””!)*5- Sx-rsuz)+6<‘§l'*s;*s"“)]
where va( ete. oorrespsad ¢o reandom numbers in the rango 4 to 8,

2000 points nf such a trace were ocaloulatsd and the correllegram ror

these peints determined. From the wa'yes of r = the torresvonding

t

+ s abbiad e e b st L
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wlues of sz « (1- x",)3 were oaloulated and plotted co Fig. 6.

Values of R.‘z for 110 points of an experimental frioction
trece are alsc plotted on thia surve, with the sonles suitably adjusted.
It will be seen that ng as experimentally determined, is greater
at low wvalues of Ik, and a2z has Dean shom 4in ar eariier report, this
41 fferemce is caused by wvariations in the sizes of the jwnotioms for
the experimntal frioction trace.

T™he next step was %o determine the size distriiution of
jmotions which gave the best fi¢ with %he observed data sssuming for
simplieity that cnly ¢ dfferent sises of jwmetion were presmt, of
dlamster 4, 4/2, 4/6 md 4/8. The amplitudes of the contributions
3f the four sizes is thm given by matohing as closely as pessidle, the
saloulated and axperinmeed R-k plets, As finally determined, Uw
saplitules s, b, ¢, ¢ of the four sites are given by the squatioms.

Bffest of jmetice 4 o dut ditbte but dithes but

of Jamoter 4 4l ameter da di ame tor g& diame tar da
<0283 a +.0888 ® + 281 0 * 004 d o 1.3
.0888 & *.261 b + 694 o +d = 3,76
«168 a +,473 © * e e d = 6.38
+261 & +,8604 0 + ° e d - 9.3
-368 a +.884 b 2 ] v d = 11.8
-478 a + b . ] + d - 1409
588 a + b + o ¢ d = 17,9
-804 o + b + . «d = 20.8
STHT a + b + s « d - 23.3
884 a + b + . + 4 - 28.4
-960 a + © + ] + d - 29,2

a + b + o + d - 31.8

(1)
(3)
(8)
(4)
()
(o)
(7)
(8)
{9)
(10}
(11)
(12)

e ———————— v ST W
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This sot of ecuations 48 of course ocver-determined.
e may be caloulnted from eqnus. 6-12, by sudtraoting 6 from § eto,
snd then the wvalues of & subtraoted fro=m expressionz 3-8 and

b determined eto. The final values obtained were

a = 28,0
t = 3.1
o = 2.4
4 = 4,1

To get from the walwes s, b, o, and 4, the importsnce
of the vorrespmding jumotions to the whole oontact ares, we have
o allow for the faoct that the statistical uncertainty, comparatively,
for n Jjwmotiomis propertional ®@ n*. and thus muitiply a, b, o
snd & by 1, 2, 4,and 8 reepactively.

The final contrilution to the total sliding ares of saoh
categery of jwmotion is shomm in Pig.7, as is & distridution takem
from earlier work based on weer measuremmts. These two aiiirely
indepmdent methods both suggest that most of the sliding ares ocnsists

of jwmotisns fairly homogemeous in sise.
Thus acocording to the wear data some 85X of the total sliding

area consists of junotions whose length does not differ by a fuotor

of more than 2. For the asutocorrelation data, the corresponding

value is 75%.
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I11. Velooity and temperature depsndense on rubber friction -

A yeur ago the results of fristicn-velooity teats on

several materials a2t room tempersture were reported. For each of

thoset matarials a maximum wat fomd in the fristion-weleoity osurve,

IO JNRS . sbwIIRL SUT L e

During the past ysar, the region to the left of the maxiamum, in whish
fristion inoresses with veloeity, has beem studied for rudbbsr sliding
o8 smooth glass. These tests have been carried out over s veloolity

renge from adout 10°¢ 103 ou/seo sad a bemperature rauge from adout

20 C % 40 C,
A thin sheet of gum rudber (dental dam) eemented % &

spherical metal surfase was slid over a glass meroscope slide in the
low-gpesd friection machine. The machine was arranged inside a plywood
box heated by elestric lamps thammostatigally contrelled to keep the
tapersture sonstant to within + 0.1 C.  An atmosphere of dry air
frem a commercial eylinder vas maintained inside the dox.

The ruddber surfuces of the riders were cleaned after esvery
test by first rubdbbing lightly with surgical gause moistened in reagmt
acotone sxd then rinsing with a few drope of the ascetone. T™he glass
plete was ocleaned in warm “lakeaenl” solution, rinsed wnder running
water, then in distlilled water, and sllowed to drain and dry naturally.
Care was exercined to prevent sontamination from the hands of the
operator. All experimmts wers performed in sn air.conditioned room.
In ordsr ¢ check the reprodwibility uf results with differet riders,
three riders as nearly aliks as possible were used at random during
the tests. A iifferent path on the glass plate was used for every test

and the pla.e §taelfl was oleaed aftar every 9 or 8 axperiments.
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TYpioa) results sre givem in Pig. 8. Curves showing the
sprarent trend of the experizental points for riders cI three
different redii ere given in Pig.9.

These curves are similar to those found here previously
for neoprene sliding on ground glass, Schallamash (1) has also
obtained this type of result for rubber blocks sliding on growmd glass
and on siliom-oardide psper. The following conslusions osn be drawm
from Mgse. § and #, in spite of the scatter of the test points.

1. At high velues of tangential force F, the legaritha of the
sliding velooity log V tends %o inoreass linearly with P.

2. The log V-va-F ourves becoms concsve domward at low waluss
of P; that {s, log V deoreases more mad more rapidiy as P
beocomes samall.

5. The depmdmos of log Von temperatawe T temds ¢ de linesr
at Xgh values of P, At low waluss of P, the reletiom detwem
log Vand T i{s masked by the strong depmdence of log Veu F.

T™he results here presmted sre inoconclusive ragarding the
effeot of temperature, but corredorate the trend shown by previous work.
A3l the data awaiieble indiocate thet the low-speed sliding of rubbder is
& rate precess. T™he following mechanism for this process is suggested.

T™e glass-rubber interfsce, which is naturally qui te in-
hemogeneous, is assumed to oansist of small regions of high resistance
to sliding ("i{slands”™) surrounded by regions of low reeistance. More

preciaely, as one goes from the cmter of an {ialand toward the shore,

1. Schallanach, 2.+ Velooity and Tsmperaturs Depondence of Rubber
Frigtion, Prco Phys Sco. B, 6€, 338 92 (1952).

(SETRS  OE NE

3 L




‘ 126

the eliding resistance {s assumed to drop from a hiph to a low

:
T tran o S

valus, as suggested in Mp. 10, Az external tanpgential force
will thus produce shearing deformation and stress at these islands,
while over the rest of the interface, comprising the "ccean” of low
resistance, slip will cosur. In the absmes of any further actiom,
a smll tangmtial foros would thus produse an initial relative dis-
plasemmnt of rubber snd glass, but no continued movemesnt would take
plass. At temperatures adove the absolute sero, however, the euergy
of thersal vidbration of the rubder molecules may de suffioiemt to
cause coocasianal slip et an island, so thet in a certain renge of
tempsrature and applied tngmtisl foree, oontinuwows relative movemsat
will result. At high walues of applied foree, only the cmtral parts
of the {slands need thermal help %o slip; while for small applied faree,
the ares ever which thermal help is needed becomes large.

This rate process is geverned by an equation of the fora

Ve Coexp(- £y

A
or IV - 1aC -3% (18)

where in the pressnt onse
V is the steady velooity of sliding (em/ses)

C is a frequency faotor (cm/ses)

A is the thermel emergy required to preduce slip of
s island (ergs)

{s Boltsazenn‘s eonstant (1.38 x 10718 erg/dag K)

t
~

* ‘ T is the abaolute tempereture (deg K)
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By reasoning simiiar to that of Becker (2), 4 {s expressed as:

- 2
A - fm‘;al) (T (14)
s

is the area of an island (em?)
is the wmetretohed leigth of the interfssial bonds (om)

[ N S

is the tapgentinl stress at smmy point required o cause
slip (dyne/om?)

is the tangential stress at any point dus to the applied
fores (dyne/m?)

G Ls sn elastic shear modulus (dyne/om?)

)

At Righ waluee of F it is sem from Mg, 10 that “(, om

be mush larger than ‘C eover most of the area of an {sland. Eguation

-~

(14) thus ylelds s prastioally linesr relation detwsem A and T .
8inoe T i{s proportional t© I whaw the areas of the islands 4o net
change appreciadly, Bg. (13) gives s linear variation of ln V with
F, as fowmd experimsntally in this ranpge of P,

As P deeresses, < taads to decreass more rapidly than P,
o acoownt of the inoreasing arsa of the islands (M £.10), while from
Bl 14, A is sem to inoresses. The theory thus prediets a rapid
drop {2 lIn V as P beocomes smll, in agrvement with the experi mtal
evidece-

Quanti ntive oonolusions are questionadle on scsount of the

scatter of the data, but from the straight porsion of the curvea for

the spaocimen £ & - inoh radius (Pg.9) it {s found that

2. Becker, R.: Zeits,f.teohm.Phys., 7, 547 (1928)

L E R T
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A 1-6 x 10 *° ergs

-

9

L1

10“’,’ 3m/wo0

R

Bstimtes of 7,, T, and the size of the islanda

are being made with the aid of the theory. Purtheir tasta are in

progreas to odtuip sdditionel data en the effect of tempeirnturs.
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Autocorrelation Analysis of the Sliding Process

ExNEST RABINOWICZ
Lubrication Laboratory, Massachusetls Institute of Technology, Cambridge, Massachusetis

(Received September 2, 1955)

A simple model of the sliding process is developed in which the junctions are of the same size, but have
different shear strengths, and, using an artificially obtained friction trace, it is shown that the size of the
junctions may be deduced through a simple autocorrelation analysis. Applied to real friction traces obtained
at slow sliding speeds, the technique gives an average junction diameter of 9.10~4 cm, {n good agreement
with previous estimates, while a different statistical method gives & value of 5.10™¢ cm.

L INTRODUCTION

T is generally accepted that two surfaces pressed
together under an applied load make effective
contact over only a few patches on their apparent
contact area. A study of these patches, generally called
“junctions’” provides important information as to the
nature of the sliding process, in particular, problems

connected with metal transfer and wear and the transi- -

tion between boundary and full-fluid lubrication. In-
vestigations of the junctions have been carried out in
the past using electric resistance measurements,'?
optical® and electron* microscopy, taper sections,® and
measurements of wear fragments produced by the
breaking of these junctions.® In this paper is described
a new method of studying the junctions which shows
promise of becoming an important addition to presently

i R. Holm, Electric Contacts (Almquist and Wiksells, Stockholm,
1948), Part L.

1 ¥, P. Bowden and D. Tabor, The Friction and Lubrication of
Solids (Oxford University Press, New York, 1950}, Chap. I.

1]. Dyson and W. Hirst, Proc. Phys. Soc. (London) B67, 309
(1954).

«I-Ming Feng, J. Appl. Phys. 23, 1011 (1952).

¢ A. C. West, Lubrication Eng. 9, 211 (1953).

¢ E. Rabinowicz, Proc. Phys. Soc. (London) B66, 929 (1953).

available techniques, namely, statistical analysis of
friction measurements obtained during a sliding ex-
periment. S

The calculations involve the carrying out of an auto-
correlation analysis in which the instantaneous value
of a variable, in this case the friction force, is compared
with corresponding values obtained during the same
experiment at progressively further removed intervals.
In this way, a reliable assessment may be made as to
how rapidly the variable is changing, and this in turn
can give information as to the underlying factors, in
our case the junctions, that give rise to the friction
force and its fluctuations.

AUTOCORRELATION ANALYSIS

Many experimenters have produced friction traces in
which the friction force is shown as a function of sliding
distance at low speeds of sliding, and some examples are
shown later in this paper in Fig. 8. A feature of such
traces is that points taken close together on the trace
have nearly the same friction coefficient, while points a
large distance apart may have coefficients that are
nearly the same or that differ widely; in fact, the two
values are independent of each other. The change from
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F16. 1. Idealized rep-
resentation of the junc.
tion of two conical as
perities in elevation and
\ gvlnn‘, the shaded region

weing the true area of
i contact,

the condition of good correlation to that of poor, or no
correlation, may be plotted on a correlogram.” For this
purpose, values are read off the friction trace at regular
intervals and, using a standard form of analysis, the
average friction coefficient f is determined. Then, if
fi---fi---fa are the individual readings, the auto-
correlation of order » is defined as

n .Zl" (i~ NUi=N
PLE (/) LR

It will be seen that when k=0, the summation term
in the numerator is identical with that in the de-
nominator, and hence r,=1. This is defined as perfect
correlation. As % is increased, situations will arise more
anu more frequently such that one of the terms f; and
fi4s is greater than J, the other smaller. Hence, the
product (f;—f)(fs2—J) will be negative, the summa-
tion term in the numerator diminished, and r; will be
less than 1 (partial correlation). Eventually, the numer-
ator will contain as many negative as positive terms,
subject to statistical fluctuations, and r will approxi-
mate to zero (no correlation). The ratio n/(n—k)
corrects for the smaller number of terms in the numer-
ator than in the denominator summation.

When many values of r, have to be calculated the use
of the foregoing function becomes very tedious, and a
simpler expression of similar form is convenient. We

define
n Z‘"‘.{J-/)ij

n/=1—-—--

n—k VIL"| fi~f)

When k=0, the summation term in the numerator is
zeroand r/;=1. When f;and f,,s arc independent, their
mean difference, namely, 3 |fi— fi|/(n—F), tends
to V2 times the mean deviation from their average
Y ! f,~f|/n provided that the values of f are normally
distributed, and hence ' =0 subject to statistical fluctu-
ations. For intermediate correlations the variations of
r; and r,” are also comparable.®*

1G. U. Yule and M. G. Kendall, An fntroduction to the Theory
of Statistics (Stechert-Hafner, Inc., New York, 1950), Chap. 27.

s C. P. Brooks and N. Carruthers, Hlandbook of Statistical

Methods in M eteorology (Her Majesty's Stationery Office, London,

1953), p. 362. ) L
* Note that for normally distributed friction values the mean
deviation is about 0.7956 where o is the rool mean square devia-

(1)

=
n—k

@
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SIMPLE MODEL OF THE FRICTION PROCESS

In order to see the information that may be obtained
by an autocorrelation analysis, it is of interest to carry
out a theoretical analysis based on a simple model.
It will be assumed that all asperities are circular cones
and make contact with other similar cones over a flat
region of contact. Figure 1 shows that the real area of
contact changes during sliding, reaching a maximum
value of »d?/4 which is denoted by a. Figure 2 is a plot
of the area of contact as a function of sliding distance.
The actual junction is in existence for a sliding distance
2d, but the area-displacement curve approximates
closely to the triangle of base xd/2, and it is the latter
function which is used in our calculations. It is assumed
initially that all the junctions are of the same size.

FLUCTUATIONS OF FRICTION FORCE PRODUCED
BY VARIATIONS OF SHEAR STRENGTH

If we assume that all the junctions have the same
flow pressure p and shear strength s, a constant friction
coefficient may be expected,’ since the real area of
contact is given by the expression

L=p-4, 3

where L is the load, and the friction force F by the
relation
F=s-4, 4)
where
f=F/L=s/p=constant. )

However, the shear strength may be expected to be
a very variable quantity for metal surfaces sliding in
air. In the case of some of the junctions, the oxide
layers are unbroken and the shear strength is that of
the oxide. For some junctions the oxide layer is broken
up and complete metal-to-metal contact is made so
that the shear strength of the metal is the determining
factor.® Many junctions are probably part metal and
part oxide. As an approximation we shall assume that
the same junction maintains the same shear strength
while being made and broken. In the case of the all-
oxide and all-metallic junctions this assumption is very

SRR 7; DA

-

Fi16. 2. Real area of contact as a function of displacement for
the junction shown in Fig. 1 (full line); simple triangular approxi-
mation to the actual curve (broken line).

tion, so that the denominator of the expression in Eq. (2) be-
comes 1.1287.

* Sce reference 2, Chap. 5.

v R, W. Wilson, I'roc. Roy. Soc. (London) A212, 450 (1952).
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reasonable; for the mixed junctions, if any, it may also
be satisfact~ y.

During sliding at constant load the real area of con-
tact remains constant [Eq. (3)]. Assuming all junctions
to be of the same size, and with an area-displacement
function as shown in Fig. 2, then as soon as one junction
reaches its maximum area and starts diminishing in
size another must start up to maintain the total area
at a constant value. In general, a number of such junc-
tion systems act simultaneously.! We shall consider a
simple case in which one junction is started at every
unit interval of length and persists for a total distance
of 10 units. Thus 10 junctions are present at any
moment in different stages of growth.

Figure 3 has been drawn to illustrate this point, and
represents an area-displacement plot both of the indi-
vidual junctions and of their sum, the total contact
area. This area is the sum of the intercepts on some
specified vertical line (corresponding to one definite
displacement) of all the sloping lines and is shown at
the top of the figure. As sliding continues the individual
junctions change in size, but the total area remains
constant. Since the flow pressure is assumed constant
we may multiply the abscissa by p and then Fig. 3
becomes a plot of the total 1:ormal force as a function
of sliding distance. As postulated earlier, this force
remains constant during sliding.

However the friction force is not constant, since the
various junctions have different shear strengths. If we
asstme for our sliding combination that the shear
strength of the oxide is half that of the metal, then the
friction force at some instant at which all the junctions
happened to be in intimate metallic contact would be
twice that of some later instant during which all the
junctions were separated by an oxide layer. In general,
the friction force will have some intermediate value,

3a

1
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-
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Fis. 3. Area-displacement plot for the individual junctions
(triangles at bottom of figure) and for the total area (line near
top o5 figure).

1 J, F. Archard, J. Appl. Phys. 24, 981 (1954).
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F16. 4. Shear force-displacement plot for the individual junctions
and for the totaEI) contact area.

and it will fluctuate as one set of junctions is replaced
by another.?

CALCULATION OF HYPOTHETICAL FRICTION TRACES

We shall assume that a junction may have any shear
strength in the range s./2 to s« (where s, is the shear
strength for metallic contact) and that all such values
are equally likely. To simplify the calculation we shall
confine the strength to the rational “ratios '(sa/8)
X4, 5, 6, 7, or 8. Each of these five possible values of
the shear strength is assumed equally likely. To find
successive values of shear strength of our hypothetical
junctions we may read off numbers in the range 4 to 8
from a table of random numbers, e.g,, 4,7, 8, 4, S, 8,
6, 6, etc.

The effect of this on our junction model will be to
multiply the heights of the triangles in Fig. 3 by the
various ratios 4s./8, 7s./8, 8sa/8, etc. and the total
friction force will be the sum of the individual triangles.
Figure 4 shows a typical trace obtained in this way.
It will be seen that the total frictional force is now a
variable quantity. As a matter of great importance we
note that although a new junction with different shear
strength is formed at every unit interval of distance,
the variation of the total friction force is much more
gradual, the curve showing persistence, and it is this
feature that may be analyzed by autocorrelation
analysis.

Five-hundred consecutive points of a trace such as is
shown in Fig. 4 were calculated from 510 random
numbers in the range 4 to 8, and the total friction
force determined by an arithmetical procedure equiva-
lent to adding up for cach “station” the shear resistance
at that point of each junction. Thus, at an arbitrary
station x, the friction force will be given by

Frz (@) (SoatSepd) + 2(S0—3FS549)
+3(Som2tSer2) F4(SorFSap1)+55:},  (6)

1 R;'nbinowicz, Rightmire, Tedholm, and Williams, Trans. Am,
Soc. Mech. Engrs. 77, 981 (1955).
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WYPOTRETICAL TR Yk TRACK
COR TIANGULAR F-x FUNCTION /\
*® L] 190 200

x

ints of a shear force-displacement curve

F1G. 5. Two-hundred
. The effect of one junction is shown at

similar to that of Fig.
bottom of figure.

where the notation s,_s for example represents the shear
strength of the junction whose maximum area is reached
at station x—2. Owing to the triangular model used,
this junction will have an area of 3a/5 at station x, and
hence its contribution to the total friction force will be
3as,-1/5 as shown above. Figure 5 is a plot of 200 of the
calculated values of the friction coefficient, and Fig. 6
is the correlogram, or plot of r: as a function of &, for
all the 500 points. The curve approximates closely to a
parabola, and r: reaches a value of 0.5 at about 0.26
times the base length of the wodel triangle, and, as
expected, to a value close to 0 for distances greater
than the base length.

A recent paper by Green® Ssuggests that the force-
displacement curve of a junction may approximate to
a rectangle rather than to a triangle. To see the impli-
cations of this model, a new friction trace was con-
structed using the appropriate formula

F,=a- (3.-‘+3s—8+ Sp-atSyt-5.+ Sot1
+ 541t Ssrat-sard).  (7)

Two-hundred points of this trace based on the same
numbers as were used in obtaining Fig. 5 are shown in

+0

' 2 T

0 s 10
"

F16. 6. Correlogram of hypothetical fric ‘on traces. Triangular
mode! (full line); rectangular model (broken line).

13 A, P, Green, Proc. Roy. Soc. (London) A228, 191 (1955).

Fig. 7, and the correlogram for all the 500 points as
the dashed curve of Fig. 6. The two curves are fairly
similar.

These two junction models are likely to represent
the posslble extremes for different materials. In one
case the junctions slide over each other, and in the other
case one junction penetrates through the other. In prac-
tice both mechanisms will operate and an actual r—%
curve will lie between the extremes of Fig. 7. To
simplify, we may take r,=0.5 at one-quarter the range
of action of the junction. Having established this rela-
tionship, we are in a position to take a trace whose
junctions are of unknown diameter and from the
correlogram make deductions as to the size of the junc-
tions. It may be noted that the shape of the correlogram
does not depend on the amplitude of the fluctuations of
the friction force but only on their variation with
distance. Thus, deductions may be made from the
correlogram even when the variation in shear strength
of the junctions is unknown.

WWM\A\/\W

HYPOTHETICAL FACTION TRACE
FOR RECTANSANGULAR r=R FUNCTION n

F16. 7. A plot similar to Fig. 5 but assuming the foroe-duphoement
effect of a junction to be rectangular as

EXPERIMENTAL MEASUREMENTS

Friction traces suitable for autocorrelation analysis
were obtained with the slow-speed friction apparatus
described elsewhere.® In this arrangement, a hemi-
spherically ended rider of one material is kept stationary
with respect to a flat, slowly moving plate of another
material. The friction force produces deflection in a
strain ring on which are mounted four.strain gauges,
and a permanent record is obtained using a Sanborn
recorder.

Three typical traces obtained with the same rider
and plate, but at different sliding velocities, are shown
in Fig. 8. It will be noted that as a function of distance
on the recording paper, fluctuations in the friction
force are much more pronounced at the higher speeds.
An autocorrelation was carried out using 100 points on
each trace and Fig. 9 plots the autocorrelation obtained
as a function of distance, not on the recording paper
hut on the sliding surface. The results suggest that the
three surfaces are autocorrelated in the same way,
subject to statistical fluctuations, which are rather
severe as the average length of track analyzed amounts
to only 10 complete junctions. In particular, the value

56.‘ He mann, Rabinowicz, and Rightmire, Rev. Sci. Instr. 26,
(1955

O
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of r. reaches a value of 0.5 at a distance of about
3.8X10% cm, so that the hypothetical junctions appear
to be 7.0X10~* cm in average length, and the real
junctions (ree Fig. 2) some 9.7X10~* cm. This value
may be compared to estimates of 7.10~ and 17.10~* cm
obtained previously, for similar sliding conditions, by
other methods.!®

DISCUSSION

In this paper only one number has been extracted
from the correlograms, namely, the average junction
size, but in principle it is possible, making assumptions
as to the shape of the force-displacement curves of the
junctions, to obtain information as to the actual size
distribution of the junctions. Before this can be done
profitably, more investigation of the force-displacement
relations is needed.

COPPER ON_STEEL. 100G,
10 4
0 4
V=Tu10"° CM/SEC 0  00005CM
10 J
f
0 4
v=43x10° CM/SEC O - 0003 Cm
10 4
0 4
=y y
vei31107 CM/SEC © 0-0l CM

F1c. 8. Friction traces obtained at slow sliding speeds. For the top
two graphs only a portion of the full length of trace is shown.

Estimates of the number of junctions may be obtained
from another statistical calculation, involving the stand-
ard deviation of the friction values, namely, the
quantity o/f. If there are n junctions present at any
instant, of equal size but of different shear strength,
then simple statistical reasoning suggests that o/ f will

1 E. Rahinowicz, J. Appl. Phys. 22, 1373 (1951).
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F16. 9. Correlogram for the friction traces shown in Fig. 8 as
a function of distance, not on the recording paper, but on the
sliding surface.

vary as n~). The appropriate constant will depend on
the range of shear strengths encountered and the shape
of the force-displacement function. For the conditions
of Figs. 5 and 7, we have found by actual calculation
that o/f=0.27n3 for the triangular model and 0.24n—
for the rectangular.

This provides an independent way of calculating the
average junction diameter. For the runs shown in
Fig. 8, o/f is found to be 0.022. Hence, assuming the
triangular model, there are 150 junctions present. The
total real area of contact may be calculated from
Eq. (3), L being 0.1 kg and p being 6000 kg/cm?.
Hence A =1.67X10"* cm?®. The average size of a junc-
tion is a/2, and hence ¢ is 2.2X10~7 c¢m? and ‘d=5.3
% 10—~ cm. This estimate is of the same order of magni-
tude as the previous one, but lower, and suggests that
the actual range in shear strength of the junctions is
less than our postulated factor of 2:1.

SUMMARY

The autocorrelation method previously described
appears to provide a new and powerful tool for the
study of frictional and related phenomena, and in
particular it is capable of providing information about
the size of the junctions formed between sliding sur-
faces. The experimental tecknique is simple and general.
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Stick and Slip

Whew two substances rub against each other, thev frequently stick

and then stip. The phenomenon aceounts for the squeak of bearings,

the musie of violins and many- other sounds of our dailyv experience

r he two tvpes of foree that are met
rnmsi frequently in mechanics are
- gravity and friction. The former
hits been studied by great men of science
in every age. The latter has been largely
neglected, it being assumed that the
sliding process holds little intrinsic in-
terest and that three simple laws, all dis-
covered! before 1800, adequateh de-
scribe the foree of friction, However, the
advent of modern machinery, working
with verv close tolerances under new
and  widelv  varving  conditions.  has
shown up the inadequacy of our kbowl
edge of the sliding process. To give but
two examples, jet engines and heat-cx-
changer pumps in nuclear power plants
present lubrication problems never be-
fore encountered., Consequently the laws
of friction have recently been restudied.
and new facts discovered. This article
will deal with the stick-slip phenom.
enun. an important by -product of sliding
which praduces most of the ereaking,
squealing, chattering and squcaking we
hear in our eversday lives,

by Frnest Rabinowiez

The three laws deseribing the foree of
triction sav that when one solid body
slides over another, the frictional force
(1) is proportional to the load, or pres-
sure of one against the other, (2) is in-
dependent of the area of contact, and
13V is independent of the sliding veloci-
tv. The first two laws were stated by
Leonardo da Vinei and rediscovered in
the 1690s by Guillaume Amontons, a
French engineer working under the
sponsorship of the French Roval Acade-
mv of Sciences. The third law was first
expressed in 1783 by Charles Augustin
de Conlomb, the French physicist better
known for his researches in electro-
statics.

If the three laws are correct, friction
depends only on the applied load, and
the coeflicient of friction (the ratio fric-
tion-force-to-load) for anv given mate-
vials should be constant under all condi-
tions. The first twe laws generally hold
trie, with no more than 10 per cent de-
viation, But it has heen known for some
tinue that triction is not independent of

sliding speed. The coefficient of friction
between two bodies may vary as much
as 30 to 50 per cent according to the
speed of motion. In 1835 A. Morin of
France proposed that, since the fric-
tional force resisting the start of sliding
for two bodies at rest was obviously
greater than the resistance after they
were in motion, there should be two co-
efficients of friction: a static one, for
surfaces at rest, and a kinetic one, for
surfaces in motion. Today, as a result of
work by a number of investigators, we
know that both the static and the kinetic
coefficients themselves vary. The kinetic
coefficient drops off as the sliding speed
increases. And the static coeficient de-
pends to some extent on the length of
time the surfaces have been in contact—
a fact which can be attested by anyone
who has ever had occasion to loosen a
stubbom screw or nut that has been in
place for a considerable period. Thus the
only satisfactory way to represent the
friction coeficient for any pair of sur-
faces is by two plots, one of the static

CHALE MARKS oo o blackbourd demonarate ~tich--lip. The top
wiarh was ke by o pivee of chalk held ot an acate angle 1o the

direction of motisn; the wark~ helow 31, by pieces of ehadl held

At any ohtuse angle to this direction. In the latter marks the chalk
snek to the blackbourd. then stipped, then stuck again and o on.
Flie more tightly the clhialk is held, the smaller the distance of <lip.

109



METAL SURFACES vt by g aachine tool are enbarged. At top i« aluminum with the
<nwoth tinish of steady cutting, At bottons i» titaniumn with o poor tivish due to stick-slip.

1

coefficient wev a Denction of tase of ¢or
tact, the nther of the hinetie coefficn i
as a function of sliding velocity.

t is the breakdown of the third “Jaw”
of friction—the varistion of friction.
force with velocity—that is responsibl-
for stick-slip, the phenomenon we shall
now consider. Suppose we attach a
block to an anchored spring and place it
on a longer slab which we set in motion
at a slow speed. At first the block is
dragged along on the moving slah: it
will not bhe held back by the spring, i.c.,
slide on the slab, until the spring’s pull
is equal to the static coefficient of fric-
tion, The pull of the stretched spring
reaches that value when the block ar-
rives at the point A {see drawing at bot-
tom of page 114]. Now the block be-
gins to slip on the moving surface, As
soon as it does, the lower kinetic coeffi-
cient of friction takes over, and the
block slides rapidly toward the left.
When it has moved back to point C, it
comes to rest. Here the higher static co-
efficient takes charge, and the block
again sticks to the surface and is dragged
to A. Then it slips back to C. This is a
simple laboratory demonstration of the
stick-slip phenomenon, so named in
1939 by F. P. Bowden and L. L. Leben,
physical chemists at the University of
Cambridge, who built an apparatus to
study the process.

At the point B on the scale, halfway
between points A and C, the pull of the
spring is equal to the kinetic coefficient
of friction. If the static coefficient were
the same as the kinetic, the block would
be dragged to this point and then stay
there, sliding on the moving slab be-
neath it. As it is, the bLlock oscillates
about this position, sticking and slip-
ping by turns. The situation is compli-
cated by the fact that during motion the
friction coefficient varies with changes
in the sliding velocity, but whether stick-
slip may occur can be determined in any
given situation simply from the direc-
tion in which this relatior is changing
[see chart at lower right on page 112].

\\" hat does all this have to do with
i machinerv? Few mechanisms in
common use contain sliding surfaces at-
tached to springs. The answer is that
whenever solid bodies are pressed to-
gether, there is some elastic displace-
ment or deformation of the material, re-
sulting in an cffect like the operation of
the spring in the foregoing Iaboratory
demonstration,

Common examples of stick-slip are
the creakiug of doors, the chattering of
window sashes, the violent shuddering
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rocket and
missile
engineers
deserving
higher salary

Decision Inc. represents six
feading missile firms in the east,
midwest and for west—inter-
ested in hiring rocket and mis-
sile engineers. Through us, you
can completely, confidenticlly
make arrangements for befter
positions.

Right now, these companies
have need for engineers with
virtvally every degree of ex-
perience. You'll need an engi-
neering degree, of course. If
you quolify, they ore ready to
glve you a chance to work with
leading engineers and scien-
Hsts on challenging new pre-
jects. You'll have your own
droftsman assistont. No board
work, Substontial salary in-
creases. All your moving and
relocation expenses paid for.
Free assistance in locating eco-
nomical housing. Subsidized edu-
cational progroms.

Here's whot you do. Send us
your , tite, company and
home address. We will forward
to your home brief forms which
you fil out and return. We com-
pare your experience and de-
sires with specific job spenings.
Help you evaluate the vorious
jobs open to you, determine
which offers the best future.
You make the decision. No ob-
ligation to you, no cost whatso-
ever. QOur clients pay us to find
you. Find out what you're really
warth—today. Write, phone or
wire.

DECISION INC.

Monagement and Recruitment Consultant
OQliver P. Bardes, President
1435 First National Bank Bldg.
Cincinnati 2, Ohio
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EVOLUTION OF THE FRICTION CONCEPT is illustrated. In the late 18th century it was
thought that the coefficient of friction remained constant as the relative velocity of the
sliding substances was increased (upper left). In the early 19th century it was postulated
that there were two kinds of frictic.i: static and kinetic (upper right). Friction was grestest
when two substances were moved from a state of rest, and fell off immediately when they
began to slide. Around 1940 it was shown that friction fell off gradually with the increase
of velocity (lower left). Today it is known that friction first increases with velocity and
then falls off (loswer right). When the changing relation.hip between friction and velocity
has the slope to the left of the peak in this curve, substances slide steadily. When it has
the form of the steeper part of the slope to the right of the peak, stick-slip occurs.

of drawbridges, the squeaking of bicy-
cle wheels and the squealing of auto-
mobile tires. Stick-slip has its uses,
Without it a violinist could produce no
music, and he takes good care to pro-
mote it by rosining his bow. But in most
situations stick-slip is a nuisance or
worse. A tool cutting metal should slide
smoothly into the material; when its
slide is interrupted by stick-slip the cut
will be rough and uneven [see photo-
graphs on page 110]. In the driving
mechanism of a phonograph turntable
stick-slip would ruin the sound. And
during World War 1 the problem of
stick-slip in one delicate situation was o
matter of lite and death, The turning of
a submarine’s propeaer shaft produces
stich-slip noise which can be detected
with sonic listening gear, Sinee the war
the Office of Naval Rescarch has spon-
sored research on stick-slip at the Massa-
chusetts Institute of Techuology.

"‘ric(iun, most investigators now agree,

arises from the adhesion of molzcules
iy the sirfaces in contact with each
other. The bhond between the surfaces

may be so strong at som.e points that tiny
fragments are torn off one and stick to
the other. Experiments with radioactive
tracer material have proved this. If the
end of a radioactive rod is rubbed along
a flat surface, small particles are trans-
ferred and make the surface radionctive.
This is an excellent experiment for show-
ing the stick-slip phenomenon. A piece
of photographic film is laid on the sur-
face that has been rubbed with the rod.
After it has been exposed for several
hours to the radioactive track left by the
rod, the filn is developed. The image of
the track turns out to be not a continu-
ous line but a series of spots [sec photo-
graph on page 118]. The sliding rod
end stuck and slipped, leaving consider-
able material where it stuck and ven
little where it slipped. Exactly the same
thing happens when you rub a piece of
chalk, tilted in the direction of motion.
over a blackboard: vou will get a stutter-
ing line of dots.

In any adhesive process the bond be-
comes stronger the longer it is left un
disturbed. This is why the static coefli-
cient of Friction increases with time of
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Time

TIME

STICK-SLIP at low speed traces the curve at left. The sloping sections of the enrve are
stick ; the vertical sections, slip. At high speed stick-slip traces the sinusoidal curve at right.

contact. In the case of sliding surfaces,
the period of contact between points on
the two surfaces is, of course, longer
when the surfaces slide slowiy than
when they move rapidly. Consequently
if the slide of one surface over another
slows down, friction increases. This is
the situation that favors stick-slip. How-
ever, laboratory tests have developed
the unexpected finding that at extreme-
ly slow speeds the situation is reversed:
as friction increases the sliding velocity
also increases. The most plausible ex-
planation seems to lie in the phenom-
enon called creep. All materials slowly
change shape (“creep”) even under
moderate forces. An increase in force
will increase the rate of creep. Thus
in the case of surfaces sliding very
slowly over each other, an increase in
frictional force may produce a percepti-
ble acceleration of the slide in the form
of creep of one surface past the other.
The limit of speed aitained by the
creep mechanism varies with the ma-
terial, hecause soft materials creep fast-
er than hard ones. The creep of steel
is so slight that it caunot be observed.
Lead can be made to slide by creep at

— AN A —

speeds up to a millionth of a centimeter
per second (about one foot per year);
soap up to 10 centimeters per second.

These considerations present us with
the paradoxical conclusion that there is
really no such thing as a static coeflicient
of friction for most materials, Any fric-
tional force applied to them will produce
some creep, i.c., motion,

Studies of sliding at very low speeds
are important because they yield sys-
tematic information on friction-velocity
relations which will enable designers of
machines to select materials that will be
immune from stick-slip over the range of
speeds at which the mechanism is to
operate, We also need a great deal morc
data on the friction coefficients of metals.
It seems odd that in this age of metals,
tables of coefficients listed in handbooks
still have little to say about metals and
apply largely to various woods, leather
and stones—engineering materials of
long ago.

“Yhree main methods are available for
- curing stick-slip where it is not
wanted. Firstly, we can alter the sliding
speed. Sometimes this means slowing

] —=

EXPERIMENTAL |

APPARATUS is usedd 1o show the peinciple of stick-slip.

A block is

attarhied to a speing. The <lab on which the block rests is moved tarrowe). If the statie coef-
ficient of friction were the sumie as the kinetie coeflicient of friction, the block would simply

move with the slab from O 1o B and stay there,
the kinctic, the hlock moves with the sinh to A and then slips back to G,

Because the static coefficient is greater than
H the: movement

of the skab were continued at the sane apeed, the block would oscilliute between A and .
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When you have an
Adhesive Problem
on your hands...

Answers come faster
with our Custom Service

Twenty-five years of experience
reaCy io focus on your particular
needs for adhesives, coatings and
sealants.

International activity in the bond-
ing of the following materials to
themselves or to cach other:

Leather Paper Phenolics
Metals Fabric Vinyl Films
Wood Vinylite  Melamines
Aluminum Cellulose Glass

Foil Acetate  Rubber

At your request, one of our field
specialists will visit your plant, help
you define your problem, guide its

tests, pilot plant production, volume
production, and through the first
stages of on-the-job application.

For Every Industry

Latest developments in Adhesives for
Honeycomb Construction, Viny! Film Bonding

Rubber, Latex and Resin Cements
Pressure Sensitive Cements, Flocking Cements,
Laminants and Sealants

Resin
Emulsions

Tie
Coats

Angie
P roducts

120 Potter Street
CAMBRIDGE 42, MASS.
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dowi in other cases speeding up, For
example, a car’s tires squeal iF it rounds
a corner mapidlv bt not i the turn s
slow, on the other hand, a door that
creaks when opened stowh may be si-
lent when swung rapidly. .-S'(-(-m;("y, we
may reduce the stored energy (e.g., in
the spring) whose intermittent release is
responsible for stick-slip. Stiffening the
spring will uccomplish this end; similar-
lv, stiffening a1 toolholder will make the
tool cut more smoothlv,” Or we may
dump the stored energy by immersing
some part of the vibrating system in a
hath of viscous oil.

The third and most common method
is to lubricate the sliding surfaces. A
lubricant forms a soft film which has far
less frictional resistance than a metal's
surfuce. The problem here is to maintain
the filin over the whole interface. As the
surfaces slide, the lubricant is gradually
worn off, so that parts of the metal sur-

fuces conme into contact with each other.
Su hmg as the lubricvint coverage iy 90
per cent or hettee, stich-slip cannot oc-
cur. But when coverage has fallen to 73
per cent, stick-slip becomes very Possi-
ble [see chart below]. At this s'tug(: its
squeuky protest is a boon, for it serves as
a warning that the lubricant must b
replenished. The quality of the Tubricant
is important; some poor lubricants never
give even 90 per cent coverage, no mt-
ter how much is applied.

External factors, such as humidity,
also may play a part. Squeaks in an au-
tomobile are apt to be silenced on a wet
day—and, perversely, almost invariably
when the car is taken to a garage to
have the squeaks located and removed.
Demonstrations of stick-slip during pub-
lic lectures are likewise hazardous un-
dertakings.

Friction in 2 machine brings a train
of unhappy events. The sliding surfaces

FRICTION

NO FilM

50 PER CENT
75 PER CENT

(8] { i

-{ 90 PER CENT
100 PER CENT

| i

- s 10

0 M

i 10

veuoCiTy «CENTIMETERS PER SECONDI

D LUBRICATED SURFACES may be subject to stick-slip. This chart represents one piece
. of steel slid over another with a film of lubricant between them, When the lubricant is first
" applied. it covers 100 per cent of the area between the two surfaces. This area is steadily
i reduved s the sorfaces are rubbed together. When 90 per cent of the film remains, the
Ceurve is Sl almost horizontal and no stick-slip occurs. When only 75 per rent remains,
*the Jogie of eurve is down Gee curve at lower right on page 112) and stick-slip can begin,
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This book is hased on an international saymposium held

at Princeton in June, 1935, by the Wenner-Gren Foun.

dation, to explore threé main concerns: the variety and
. magnitude of man’s changes on the earth; the methoda

and agencies of change; and the eflects of man’s actions

on the continued habitability of the earth and vir the
" course of human evolution,

Some of the themes considered by the fifty-two noted

_ contributors are man’a tenure of the earth; his eflects on

tho scas and watera; the alterations of climate; soil
changes through humun use; modifications of biotic

communities; the ecology of wastes; urban-industrial
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are searred; the Joose particles worn off
them acet as abrasives and produce more
wear; the inereasing friction gencrates
heat and robs the muchine’s mechanical
encrgy, Eapensive svstems are some-

times installed to warn when more lubri-
cant is necded. But stick-slip itself sup-
plies-its own admonitory veice, without
which our machine age wounld soon
grind to a shuddering breakdown. It per-
forms the wanning function automatical-
lv, cheaply and effectively,
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WHY DEVELOPMENT ENGINEERS FAVOR

Relabnhity . long e, and amform performance are
.un;_nuul tobeveny miportant to the success of most
c\punm.uls rescarch phnuh prototype ‘I')p.lrdlﬂ‘-
cte. When in aced of fixed aud variable composition
resistors, cermnic capacitors, feed-thru and staud-ofl
capacitors, ferrite parts, ete.. vou can’t go wrong when
vou specify Allen-Bradley.

In many instances, their stable characteristics and
conservative ratings make A-B parts the required com-
ponents for critical applications in military, radio, and
electronic devices. Quite naturally. they are also widely
used throughout industry and by manufacturers of
radio and televiston receivers, instruments, electronic
computers, and similar electronic apparatus.

The A-B components illustrated on this page are
a small part of the Allen-Bradley line. For more
complete information, including performance data,
write for your copy of the lG-pagc booklet, “Allen-
Bradley Quality Components,” or call your nearest
Allen-Bradley office for technical information.

Allen-Bradley Co.
134 W. Greenficld Ave., Milwaukee 4, Wis,
In Canada—Allen-Bradley Canada Ltd., Galt, Ont.

LEN-BRADLEY ELECTRONIC COMPONENTS

Quality
l.
§ Electronic
|
i

Components
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MOLDED COMPOSITION FIXED RESISTORS

Type ES Resistors, Secled
in ceramic tvbes for “pre-
cision” applications. Avail-
able in four physical sizes.

These refoble, solid-molded resistors come
in1/10,1/2,1, and 2-watt sixes, Al stand-
ord RETMA resistonce values. Free of cata-
strophic follures.

CERAMIC DIELECTRIC CAPACITORS

@ o

High temperoture
Typs GP, Six sizes in RETMA, capacitors with
JAN, and ML values. Has superior

caramic enclosure
performonce choracteristics. for superior performance.

FERRITE CORES FEED-THRU AND

STAND-OFF CAPACITORS
\) 9% £
L P/

Types FT ond 50 viscoidal
Capacitors. Eliminate poralle!
resononce on YHF and UHF.

High efficiency ferrites for TV
ond specicl vse. All shopes
ard sizes for special needs.

Al.l.ﬁu BRADLEY

nzcﬁtomc compok:ms

Best Avai%ab!e Copy

MOLDED COMPOSITION VARIABLE RESISTORS

Type G. Ideal for
compact ossem-
" blies. (1/2" Diom)
Solid-molded.

Type ). Has o solid-
molded element. Stond-
ord or specicl resistance
topers. Made in single,
dval, or triple units,

Type T. Solid-
molded. Furnished '
for hond or screw ddmomﬂon.
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